The objective of this study was to determine the effects of different transport times on broilers during summer on stress, meat quality, and early postmortem muscle metabolites. Arbor Acres broiler chickens (n = 105) were randomly categorized into 5 treatments: unstressed control, 0.5 h, 1 h, 2 h, and 4 h transport. Each treatment consisted of 3 replicates with 7 birds each. All birds (except the control group) were transported according to a designed protocol. With the extension of transport time, the activities of plasma creatine kinase (CK) and lactate dehydrogenase (LDH) gradually increased. The content of heat shock protein 70 (Hsp70) did not change significantly during 0.5 h transport compared to the control group, but was significantly higher (P < 0.05) at 1 h or more of transport time. Also, transport times of 2 h or more resulted in a death rate of 20%-33% of broilers. We found that the breast meat in the 0.5 h transport group had significantly (P < 0.05) higher L* values, drip loss, cooking loss, AMP/ATP ratio, and phosphorylation of AMPactivated protein kinase (p-AMPK). In addition, pH 24h was lower compared to the control group, increasing the likelihood of pale, soft, and exudative (PSE)-like meat. However, no significant variations were found in meat color, drip loss, or cooking loss in other transport groups compared to the control group under the condition of this study. Muscle glycogen content decreased with time of transportation. There were significant correlations among p-AMPK and meat quality (P < 0.05). These results indicate that preslaughter transport during summer may cause severe physiological and biochemical changes of broilers. Further investigations studying the deeper relationship between biological indicators and meat quality according to the similar transport conditions would provide a better understanding of the effect of transport duration on meat quality.
INTRODUCTION
Transport stress of broilers has been shown to affect various physiological and metabolic functions which may result in a reduction in meat quality (Owens and Sams, 2000; Savenije et al., 2002) . Several studies have shown that transport of broilers under conditions of heat stress for short distances/times can result in pale, soft, and exudative (PSE)-like meat (Oba et al., 2009; Langer et al., 2010) . However, breast muscles from turkeys transported for 3 h had higher pH and lower L* values compared with the nontransported group (Owens and Sams, 2000) . The cause of this variation has not been completely explained.
One important factor that results in a reduction in meat quality is damage to various muscle membranes (Pliquett et al., 2003; Scheffler and Gerrard, 2007b) . Heat shock protein 70 (Hsp70) has become of interest because of its ability to prevent apoptosis and oxidation and its function as molecular chaperones and antistress protection. Previous studies have indicated that the contents of Hsp70 increase in heart, liver, kidney (Bao and Gong, 2003) , and brain tissues (Al-Aqil and Zulkifli, 2009 ) of broilers under heat stress or transport stress conditions. It was recently observed that transport stress changed the contents of Hsp70 in skeletal muscle of pigs (Yu et al., 2009 ). However, little is known about the expression of Hsp70 in skeletal muscle in broilers under conditions of transport stress.
AMP-activated protein kinase (AMPK) has been described as a central regulator of cellular energy metabolism (Lage et al., 2008) . Under conditions of stress, the body needs to consume large amounts of ATP to maintain dynamic equilibrium, which leads to an increase in AMP/ ATP ratio. Therefore, AMPK is activated earlier than under normal conditions (Rossi et al., 1990; Ponticos et al., 1998) . In this situation, AMPK phosphorylates some of the downstream critical enzymes in the ATP-producing pathways, causing acceleration of glycolysis (Scheffler and Gerrard, 2007a) . Based on these studies, we have proposed that transport stress changes the cellular energy status and influences the rate of postmortem glycolysis, thus ultimately affecting meat quality.
Therefore, the purpose of this study was to evaluate the contents of certain early postmortem metabolites as well as the expression of Hsp70 in skeletal muscle of broilers that had been subjected to different times of transportation under stressful conditions.
MATERIALS AND METHODS

Chickens and Transport Conditions
For the transport trial, we used a total of 105 broiler chickens (Arbor Acres), and all were fed the same starter and grower diets from the first day to market age. At time of transport, the average body weight of the broilers was 2.5 ~ 3 kg. Feed and water were removed from the birds 8 h before transport and no feed or water was supplied during transport. The birds were randomly categorized into 5 groups: an unstressed group (control) and 4 stressed groups with transport time as the main effect. Each group consisted of 7 birds with 3 replicates. On the day of the transport trial, 7 broilers from each group were placed in 1 crate (760 mm × 480 mm × 380 mm), and 3 replicates were distributed at the rear of each truck. The total load was around 2,500 birds per truck. According to our prior investigation of common transport times from the farm to slaughterhouse, the birds were transported on a continuous journey for 0.5 h, 1 h, 2 h, or 4 h while the control group was kept in crates under normal living conditions (the temperature was 31°C ~ 33°C and the humidity was 45% ~ 48%). During the transport period, the ambient temperature was 32°C ~ 35°C, and the temperature inside the truck was 40°C ~ 42°C. Transportation was on a country road in Sheng Village near Taian, Shandong.
The route was set in the form of laps, with a length of approximately 13 km per lap. The surface of the road was flat. Average speed was 45 km/h. All bird management was consistent with recommendations of the Arbor Acres Broiler Commercial Management Guide. All birds in both the transported groups and the control group were slaughtered according to a commercial slaughter process provided by a local slaughterhouse, essentially consisting of electrical stunning, bleeding, scalding, evisceration, chilling (in ice water), and deboning (Liuhe Group, Shandong, China).
Sampling Procedure
Blood and Muscle Samples. Within 20 min of arrival following transportation, the birds were stunned electrically (40 V: alternating current, 400 Hz for 5 s each) and slaughtered immediately. Blood samples (10 mL) were collected in heparinized anticoagulant tubes, shaken gently, and then chilled on ice. The anticoagulant tubes were then centrifuged at 4°C for 10 min at 2,000 g, and plasma was stored at −20°C until required for analysis. The plasma sample was used for assessing creatine kinase (CK) and lactate dehydrogenase (LDH) activities. Within 20 min postmortem, 10 g of the wing side of pectoralis major (PM) muscle was taken and placed in 5-mL tubes, frozen in liquid nitrogen, and then stored at −80°C until required for analysis. Further PM muscles were removed from carcasses, stored at 4°C, and taken to the laboratory for assessment of meat quality at 24 h postmortem. Blood and muscle samples were obtained from 8 birds randomly selected from each treatment for determination of plasma and biochemical measurements.
Blood Parameter Measurements
The activities of CK and LDH were measured with commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China; Pei-ming et al., 2007) in accordance with manufacturer's instructions.
Meat Quality Measurements
Death on Arrival. We found 4 dead birds in the 2 h transport group and 7 dead birds in the 4 h transport group on arrival. Death on arrival (DOA) rate was calculated as DOA (%) = dead birds/initial birds.
Muscle pH Value. Muscle pH was determined by the electrometric method using a glass electronic pH meter (Hanna Instrument Company, Porto, Portugal) at 0.5 h and 24 h postmortem. Each sample was measured in triplicate; the average value was taken as the result. Measurement was conducted by inserting the glass probe electrode into the PM muscles. The pH meter was calibrated by a two-point method against buffer standards of pH 4.01 and 7.00.
Meat Color. At 24 h after slaughter, meat color (L* = lightness, a* = redness, b* = yellowness) was measured by a chromameter (Minolta CR400; Konica Minolta Company, Tokyo, Japan).Values were recorded and averaged at 3 locations of the thickest bone side of the breast muscle.
Drip Loss. Drip loss was determined in duplicate according to Northcutt et al. (1994) with modification. About 10 g from each PM was cut into a specific shape (1 cm × 1 cm × 3 cm) and suspended on a hook from the lid of an airtight container. Samples were stored at 4°C. After 24 h, any surface moisture was absorbed with filter paper. Subsequently, all samples were reweighed, and drip loss (%) was calculated as (initial weight of sample − final weight of sample)/initial weight of sample × 100.
Cooking Loss. Duplicate samples from the same broiler (approximately 25 g each of PM of same size and thickness) were taken at 24 h postmortem. The samples were then put into cooking bags and cooked in 80°C water bath until the central temperature reached of 70°C (Li et al., 2014) . The temperature was measured by inserting a cooking thermometer into the fillets. The cooked samples were chilled to room temperature and reweighed, and cooking loss (%) was calculated as (initial weight of sample − final weight of sample)/initial weight of sample × 100.
Early Postmortem Muscle Metabolite Measurements
Glycogen Determinations. Glycogen was determined in duplicate using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Briefly, 90 mg of sample was mixed with 270 μL of concentrated alkali and heated for 20 min in a boiling water bath. After cooling, the mixture was diluted with 1.44 mL of distilled water to obtain a 5% glycogen diluent. Then, 2 mL of staining solution was mixed with 0.9 mL of distilled water and 0.1 mL of glycogen diluent and heated for 5 min in a boiling water bath and cooled with running water. The absorbance value was determined at 620 nm using a Microplate Reader (spectramax M2; Molecular Devices, Sunnyvale, CA). Glycogen content was calculated using a glycogen standard curve.
Lactate Determinations. Lactate content was determined spectrophotometrically (530 nm) using a commercial kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Approximately 500 mg of sample was homogenized in 4.5 mL of normal saline. After centrifugation (2,500 g at 4°C), 1 mL of the supernatant was diluted with 4 mL distilled water. Then, 20 μL of the diluent was mixed with 1 mL of enzyme reaction mixture and 0.2 mL of the chromogenic agent and then placed in 37°C warm bath for 10 min. Then, 2 mL of terminator solution was added and mixed. Lactate standard curves were developed for each set of samples. Linear regression equations were used to determine the lactate concentrations in the corresponding samples.
ATP and AMP Contents. ATP and AMP concentrations of postmortem muscle were determined by HPLC as described by Wang et al. (2013) . Briefly, 1 g frozen sample was homogenized in 5 volumes of icecold, 7% perchloric acid at 13,500 rpm for 2 × 15 s with a 5 s break (Ultra Turrax T25; IKA, Staufen, Germany). The supernatant was obtained by centrifuging at 15,000 g, 4°C for 10 min (Avanti J-E; Beckman Coulter, Inc., Brea, CA). The supernatant was neutralized with 0.85M KOH and then centrifuged again (15,000 g, 4°C for 10 min) to remove KClO 4 . The neutralized supernatant was then passed through a 0.22-μm filter before injection into the HPLC. Mobile phase A consisted of 2.5mM tetrabutylammonium hydrogen sulfate, 0.04M potassium dihydrogen orthophosphate, and 0.06M dipotassium hydrogen orthophosphate, pH 7.0. Mobile phase B was 100% methanol. The proportions of mobile phases A and B were 86.5% and 13.5%, respectively. Mobile phase flow rate was set at 1.0 mL/min. UV detection was performed at a wavelength of 254 nm. Peaks were identified and quantified by comparison of retention time and peak area with known external standards.
Immunoblotting Analysis for Hsp70 and Phosphorylation of AMP-Activated Protein Kinase
The determination of Hsp70 was quantified according to the procedure of Küçükbay et al. (2009) , and the analysis of phosphorylation of AMP-activated protein kinase (p-AMPK) was essentially as described by (Shen et al., 2008) . A frozen muscle sample (0.5 g) was homogenized using a polytron homogenizer in 5 mL buffer (for Hsp70: 10mM Tris-HCl [pH 7.4], 0.1mM NaCl, 0.1mM phenylmethylsulphonyl fluoride [PMSF] , 5μM soybean [soluble powder; Sigma, St. Louis, MO] as trypsin inhibitor; for p-AMPK, 20mM Tris-HCl [pH 7.4 at 4°C], 2% SDS, 5mM EDTA, 5mM EGTA, 1mM DTT, 100mM NaF, 2mM sodium vanadate, 0.5mM PMSF, 10 μg/ml leupeptin, and 10 μg/ml pepstatin). Tissue homogenates were then centrifuged at 17,500 g at 4°C for 20 min, and the supernatants were collected into fresh tubes. Protein concentration was determined by a BCA protein assay kit (Sigma). For electrophoresis, each homogenate was mixed with an equal amount of 2 × standard sample loading buffer and heated for 3 min in a dry heater (100°C). Equal amounts of total protein (45 μg) were resolved by electrophoresis (Bio-Rad, Richmond, CA) on 10% SDS-PAGE before being transferred electrophoretically to a polyvinylidene fluoride (PVDF) membrane. The transfer was done with a transfer buffer containing 25mM Tris, 192mM glycine, 15% (v/v) methanol, 0.01% (w/v) SDS using 90 V for 90 min at 4°C. After transfer, the membranes were incubated in a blocking buffer consisting of 5% nonfat dry milk powder in Tris-buffered saline with Tween-20 (TBST; 0.1% (v/v) Tween-20, 50mM TrisHCl (pH7.6), and 150mM NaCl) for 1 h. Primary antibody (Anti-Hsp70[3A3] antibody; Abcam; Cambridge, UK; Phospho-AMPKα[Thr172] antibody; Cell Signaling Technology, Beverly, MA or monoclonal anti-β-actin antibody; Bioworld, Nanjing, China) was diluted in TBST. The PVDF membranes were incubated overnight at 4°C with primary antibody. The blots were washed and incubated for 1.5 h with a secondary antibody (Sigma, Dorset, UK). After 30 min washing, membranes were visualized using ECL Western blotting reagents (Amersham Bioscience, Piscataway, NJ) and exposed to film (MR; Kodak, Rochester, NY). The density of the bands was quantified by using Imager Scanner II and Image Quantity One software.
Statistical Analysis
For all variables, bird was the experiment unit. Data (except DOA rate) were analyzed by one-way analysis of variance (ANOVA). Differences among the individual means were evaluated by using Bonferroni's method. Differences were considered significant when the probability was less than 0.05. In addition, correlation coefficients among variables were calculated to characterize the relationship between postmortem metabolite contents and meat quality traits. ANOVA and correlation analyses were conducted using the SAS program (2003, SAS Inst. Inc., Cary, NC).
RESULTS AND DISCUSSION
Activities of Stress-Associated Enzymes and Contents of Hsp70
As shown in Fig. 1 , length of transport times significantly influenced the activities of CK and LDH. The activities of plasma CK and LDH gradually increased with extension of transport time. Over the time course studied, the activities of the measured enzymes in plasma were highest at 4 h of transport, indicating the extent of the cellular injuries and muscle fatigue caused by severe stress. The effects of transport time on the expression of Hsp70 are presented in Fig. 2 . Compared to the control group, there were no significant changes in the amounts of Hsp70 in the 0.5 h transport group. However, the level of Hsp70 was significantly higher (P < 0.05) than in the control groups in each of the other 3 transported groups.
Skeletal muscle is the major source of CK and LDH compared with other tissues and organs. However, these enzymes are released into blood during stressful situations. Evidence from animal studies has shown that changes in plasma activities of CK and LDH activities can each be used as indicators of cell muscle damage and muscle fatigue (Mitchell et al., 1992; Yu et al., 2007) . It has also been reported that an increase in blood CK can induce Hsp70 in skeletal muscle (Liu et al., 1999 ). In the current study, the activities of CK and LDH clearly increased as transport time increased (P < 0.05). Mitchell et al. (1992) reached a similar conclusion, suggesting that preslaughter transport may cause muscle damage and disruption in muscle cell membranes. The expression of Hsp70 increased significantly at transportation times of 1 h, 2 h, and 4 h compared with the control group (P < 0.05), suggesting that muscle cell damage was severe, as found by Yu and Bao, (2008) for other organs of broilers. However, we did not find significant change in amounts of Hsp70 after 0.5 h transport compared to the control group, as found by Yu et al. (2007) . This finding indicates that high ambient temperatures during longer transportation times are detrimental to the physiological status of broilers.
Meat Quality, Glycogen, and Lactate Contents
The basic indicators of meat quality are presented in Table 1 . Transport of 2 h or more resulted in the death of broilers (death rate of 20-33%); in addition, the death rate increased with the extension of transport time. Although the death rate of the nontrial broilers being cotransported was somewhat different from the experimental broilers, we need to be highly focused on both welfare and production practice. A similar outcome was also found by Vecerek et al. (2006) . The breast meat from broilers transported for 0.5 h before slaughter had lower pH 24h values compared to the control group (P < 0.05). However, the pH 24h values increased compared to the control group after 2 h transport. Moreover, the pH 24h reached its maximum level at 4 h of transport (P < 0.05). Regarding water holding capacity, the cooking loss and drip loss of the breast meat from the 0.5 h transport group were higher compared to the control groups (P < 0.05). However, there were no statistically significant differences in the other 3 transported groups compared to the control group. This was not consistent with the significant correlation between the final pH and cooking yield of chicken meat found by Debut et al. (2003) , and we ascribed these differences to insufficient sample size for the measurement of water holding capacity given the high coefficient of variation found in our data. The meat color L* value increased significantly in the 0.5 h and 1 h transport groups compared to the control group (P < 0.05), especially the L* value from 0.5 h transported group reached a PSE-like meat limit based on the criteria values of Barbut et al. (2005) . Nevertheless, we did not find any significant differences in L* values between the 2 h and 4 h transport groups and the control group. With regard to a* and b* values, in comparison with the control group, no statistical differences were detected in the transported groups.
Overall, after 0.5 h of preslaughter transport, breast meat from broilers showed some PSE-like meat characteristics, which corresponded to findings in pork (Remignon et al., 2007) . Our results indicate that a short-distance transport stress during high seasonal temperature has negative effects on meat quality and even leads to PSE-like breast meat. However, there appeared to be no significant differences in water holding capacity of longer-distance transported groups and control group, as found by McPhee and Trout (1995) and Owens and Sams (2000) .
We used muscle contents of glycogen and lactate to evaluate early postmortem muscle metabolism in the present study (Fig. 3) . With prolonged transport times, muscle glycogen was continuously consumed. The muscle glycogen content reduced to almost 30% of the control group after 4 h transport, which was consistent with the findings of Warriss et al. (1993) . It is suggested that longer-distance transport may cause stress to broilers that accelerates metabolism to a point of muscle glycogen depletion and thus restricts the postmortem 5.87 ± 0.10 b 5.66 ± 0.11 c 5.84 ± 0.14 b 5.95 ± 0.10 ba 6.03 ± 0.09 a a-c Means in the same row with no common superscript differ significantly (P < 0.05). 1 Means ± SD.
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glycolysis rate (El Rammouz et al., 2004) . This may explain why there was no relationship between the severe muscle cell damages due to prolonged transportation duration and quality measurements for the broilers transported for more than 1 h (Fig. 4) . Furthermore, it can be seen that the most dramatic glycogen decline occurred during the initial 0.5 h of transport. The concentrations of lactate increased significantly during the exposure of broilers to 0.5 h and 1 h transport compared to the control group (P < 0.05). However, lactate concentrations reduced in the subsequent transport groups. There were no significant statistical differences after 2 h transport compared to the control group (P > 0.05). According to Ryu et al. (2005) , muscles with higher lactate levels and lower glycogen contents showed faster glycolytic rate than muscles with lower lactate levels and higher glycogen contents. This may explain meat quality deterioration in the 0.5 h transport treatment group compared to the control group.
Energy Status and p-AMPK
Adenosine triphosphate (ATP) and AMP contents and the ratios of AMP/ATP are shown in Table 2 . We found that 0.5 h of preslaughter transport led to a significant decrease in ATP content (P < 0.05) and a concomitant increase in AMP content (P < 0.05) compared to the control group. However, there were no statistically significant variations in ATP or AMP contents in muscles from the other transport groups compared to the control group (P > 0.05). We did, however, find a significant increase in the expression of p-AMPK at 0.5 h, 1 h, and 2 h of transportation compared to the control group (P < 0.05; Fig. 4) .
The results indicate that preslaughter transport can lead to a reduced energy status in early postmortem muscle compared to the control group, thereby activating AMPK and accelerating the rate of postmortem glycolysis, causing a large accumulation of lactate, as observed by Shen et al. (2006) . Additionally, with longer transport times, the energy status and phosphorylation of AMPK return to their initial values. This may explain why the meat quality parameters measured did not show much deterioration compared to those of the control group, as reported by other research (Gispert et al., 2000; Pérez et al., 2002) . The findings suggest that after going through an intense transport period, the increase in synthesis of Hsp70 interacts with other proteins in cells and alters their function, thus protecting the cells against harmful effects of stressors (Mahmoud et al., 2004) . This recovery process helps restore muscle energy status (Gabai and Kabakov, 1993) and delays AMPK activation.
Correlations among Meat Quality Traits and Biochemical Parameters
There were significant correlations among meat quality traits and biochemical parameters (Table 3) . L* value was significantly correlated to water holding capacity, pH 24h , lactate content, Hsp70, and energy metabolism (P < 0.05). Water holding capacity was significantly correlated to pH 24h and lactate content (P < 0.05). In addition, pH 0.5h , pH 24h had significant negative correlations with lactate content and energy metabolism (P < 0.05). Low ultimate pH leads to protein denaturation; therefore, denatured sarcoplasmic proteins such as glycogen phosphorylase and CK bind to myofibrils and thus affect water holding capacity of meat (Pietrzak et al., 1997) . Swatland (2008) showed that the L* value was significantly affected by denaturation of sarcoplasmic proteins, which was similar to our results. The results also indicate that faster glycolysis during the early postmortem period leads to a high accumulation of lactate, causing a dramatic decline of pH. Similarly, a low ultimate pH value may depress the postmortem calpain system (Huff-Lonergan and Lonergan, 2005) , affecting the degradation of several key cytoskeletal proteins (such as titin and desmin), and lead to a deterioration in water holding capacity. Moreover, muscle glycogen content had a highly significant (P < 0.01) negative correlation with CK (r = -0.74), LDH (r = -0.82), and Hsp70 (r = -0.57). These findings indicate that physiological and biochemical changes caused by transportation and acute heat stress during transport simulations may be associated with meat quality.
Relationship between Hsp70, p-AMPK and Meat Quality
When cells are exposed to stress, Hsp70 binds to cell membranes and maintains their integrity and stability (Harada et al., 2007) . Di Luca et al. (2011) suggested that the higher abundance of Hsp70 is associated with lower drip loss in pork muscles. However, we did not find a similar relationship.
AMP-activated protein kinase is a central regulator of cellular energy metabolism, which monitors the energy status of muscle cells and regulates the anabolic and catabolic processes to ensure constant ATP concentrations during stress in the live animal (Hardie and Sakamoto, 2006) . Previous studies have shown that AMPK plays an important role in postmortem glycolysis (Shen and Du, 2005) . In this study, we also found significant correlations among meat quality attributes and p-AMPK.
Heat shock protein 70 (Hsp70) and AMPK are both highly conserved proteins. They are closely related with the function of antistress in mammals (Donkoh, 1989; Sambandam and Lopaschuk, 2003) . Several studies have shown that there appears to be a relationship between Hsp70 and AMPK. Frederich et al. (2009) found that temperature stress led to the activation of AMPK, and this activation occurred well before the well-characterized heat shock response with Hsp70 in rock crabs. Podolski et al. (2010) found a similar result in lobster. However, little is known about the exact relationship or the joint functions between Hsp70 and AMPK in the metabolic regulation under stress conditions of broilers.
In this study, we found that preslaughter transport stress had an impact on expression of Hsp70 and p-AMPK. Although we found a negative correlation (r = -0.37, P < 0.05) between Hsp70 and p-AMPK, the linear relationship was not strong. We hypothesized that with the extension of transport duration, broilers regulate survival mainly by inhibiting the AMPK signal pathway, and to some extent, this process maybe associated with an increased expression of Hsp70. However, we are not able to explain the relationship between the decreased meat quality attributes and the expression of Hsp70 resulting from short-distance transport. Further studies are required to evaluate the existence of direct link between Hsp70 and meat quality and the relationship between AMPK and Hsp70.
IMPLICATIONS
From our results and taking into account the lack of replication of transport on different days, we can only conclude that transport of broilers during high ambient temperature has deleterious effects on their welfare and causes severe responses to the broilers. Short-distance transport leads to PSE-like breast meat, while long-distance transport increases morality of broilers. However, meat quality tests are limited in the present study. Moreover, physiological and biochemical changes during preslaughter transport and their effects on meat quality need further investigation. 
